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Coral reefs worldwide are increasingly damaged by anthropogenic stressors, necessitating
novel approaches for their management. Maintaining healthy fish communities counteracts
reef degradation, but degraded reefs smell and sound less attractive to settlement-stage
fishes than their healthy states. Here, using a six-week field experiment, we demonstrate that
playback of healthy reef sound can increase fish settlement and retention to degraded
habitat. We compare fish community development on acoustically enriched coral-rubble
patch reefs with acoustically unmanipulated controls. Acoustic enrichment enhances fish
community development across all major trophic guilds, with a doubling in overall abundance
and 50% greater species richness. If combined with active habitat restoration and effective
conservation measures, rebuilding fish communities in this manner might accelerate eco-
system recovery at multiple spatial and temporal scales. Acoustic enrichment shows promise
as a novel tool for the active management of degraded coral reefs.
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C limate change and local anthropogenic stressors arecausing unprecedented damage to coral reefs globally1,2,necessitating novel techniques to counteract degradation
and proactively manage these rapidly changing ecosystems3–5.
Taking active steps to maintain healthy fish communities will be
vital in reversing reef degradation; fishes perform a diverse suite
of important functional processes6,7, meaning that damaged reefs
have a higher chance of recovery if they have healthy fish
populations8,9. Reef fish populations are sustained by recruit-
ment, whereby young fish that spend their larval stage in the open
ocean use a range of sensory cues to detect, orient toward, and
settle to reef habitat10,11. However, degraded reefs smell and
sound less attractive to juvenile fishes12,13, and receive lower
levels of fish settlement than healthy systems14,15. Artificially
reversing degradation-associated sensory changes might restore
habitat attractiveness, promote the settlement and retention of
functionally important fish species, and enhance local-scale
recovery processes. Acoustic cues are particularly amenable to
artificial restoration, due to their use by a wide range of
settlement-stage fishes16,17 and their ease of manipulation in field
conditions using underwater loudspeakers13,16,17.
Here, we investigate acoustic enrichment as a novel manage-
ment tool for aiding the mitigating and reversal of coral reef
degradation. We use loudspeakers to broadcast healthy sounds-
capes on experimental coral-rubble patch reefs for 40 days during
a natural recruitment season (November–December 2017) on
Australia’s northern Great Barrier Reef. We compare the devel-
oping fish communities on these acoustically enriched reefs with
those on two categories of acoustically unmanipulated control
reefs (with and without dummy loudspeaker rigs). We find that
acoustic enrichment enhances fish community development
within an important reef fish family, across a range of specific
trophic guilds and at the level of the whole community.
Rebuilding fish communities in this manner shows promise as a
novel tool that might complement existing techniques for the
active management of degraded coral reefs.
Results
Effects of acoustic enrichment on damselfish recruitment.
Acoustic enrichment had a significant positive impact on juvenile
fish recruitment throughout the study period. Juvenile poma-
centrids (damselfish that had settled in the current season on
reefs following a pelagic larval stage) were repeatedly surveyed
across 6 weeks; this family was chosen because they are non-
cryptic, highly abundant (up to 50% of reef fish communities18)
and individuals can be visually surveyed accurately with minimal
disturbance to the developing fish community. Compared to both
no-loudspeaker reefs and dummy-loudspeaker reefs, acoustically
enriched reefs attracted damselfishes at a faster rate in the early
stages of the experiment and maintained higher abundance
throughout the 40 days (Fig. 1a). After 40 days, there were twice
as many juvenile damselfishes on acoustically enriched reefs than
both categories of acoustically unmanipulated reefs, with no
significant difference between the two control treatments (gen-
eralised linear mixed model (GLMM), loudspeaker treatment:
χ2= 54.732, df= 2, p < 0.001; Fig. 1b; full model and post-hoc
pairwise comparisons in Supplementary Table 1).
The asymptotic trajectories of damselfish abundance on reefs
in the second half of the experiment (Fig. 1a) likely represent a
stable dynamic equilibrium between settlement and predation,
rather than a static population, for two reasons. First, the patch
reefs were deployed asynchronously (i.e. some reefs started and
finished their 40-day experimental period 10 days apart from
others). This suggests that population stabilisation was due to
population dynamics within each individual system rather than
date-linked external factors, such as a region-wide change in
currents reducing settlement levels in the later phase of the
experiment. Second, direct predation of juvenile fishes by a range
of taxa (e.g. Carangidae, Pseudochromidae and Synodontidae) was
occasionally observed during surveys in the later stages of the
experiment (T.A.C.G. pers. obs.); this is consistent with other
studies that document high natural mortality rates of juvenile
coral reef fishes19,20. An absence of overall declines in abundance
during this phase of the experiment therefore suggests that
ongoing recruitment was compensating for density-dependent
predation of juvenile fishes.
Effects of acoustic enrichment on fish community develop-
ment. Acoustic enrichment increased abundance of juvenile
fishes across all major trophic guilds. Comprehensive whole-
community surveys after 40 days revealed that there were sig-
nificantly more herbivores, omnivores, planktivores, invertivores
and piscivores on acoustically enriched reefs than on acoustically
unmanipulated reefs, with no significant differences between the
two control groups (dummy-loudspeaker and no-loudspeaker) in
four of the five trophic guilds (linear mixed models (LMMs)
and GLMMs, loudspeaker treatment: χ2= 7.499–43.473, df= 2,
p= <0.001–0.024 (Fig. 2); full models and post-hoc pairwise
comparisons in Supplementary Table 1). Attraction and settle-
ment of a range of trophic guilds is important because
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Fig. 1 Effect of acoustic enrichment on damselfish community development. a Outputs from a generalised additive mixed model, modelling number of
juvenile damselfish per reef (mean ± SE) over time based on repeated surveys; orange and red lines and ribbons are almost completely overlapping. b Raw
count data of number of juvenile damselfish per reef (mean ± SE) from surveys undertaken after 40 days. Different letters associated with bars represent
significant differences in post-hoc Tukey’s HSD tests, following a significant effect of loudspeaker treatment in a generalised linear mixed model (see
Supplementary Table 1).
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assemblages of coral reef fishes are inherently high in functional
diversity7, with the functional contributions of many species
likely to be underappreciated21.
Consistent differences across multiple trophic guilds resulted in
a positive effect of acoustic enrichment at the community level.
Acoustically enriched reefs had twice the total abundance of
juvenile fishes of dummy-loudspeaker and no-loudspeaker reefs,
which were not significantly different from each other (LMM,
loudspeaker treatment: χ2= 21.107, df= 2, p < 0.001; Fig. 3a; full
model and post-hoc pairwise comparisons in Supplementary
Table 1). Acoustically enriched reefs also had 50% greater species
richness than dummy-loudspeaker and no-loudspeaker reefs,
with no significant difference between the two acoustically
unmanipulated treatments (χ2= 12.848, df= 2, p= 0.002; Fig. 3b;
Supplementary Table 1). Further, there was a significant effect of
loudspeaker treatment on effective Shannon diversity, with
acoustically enriched reefs having greater diversity than reefs
with no loudspeaker; dummy-loudspeaker reefs were not
significantly different to either of the other two treatments
(χ2= 5.990, df= 2, p= 0.050; Fig. 3c; Supplementary Table 1).
This development of a more abundant, more species-rich and
more diverse fish community is potentially the result of increased
detectability of acoustically enriched reefs (i.e. fishes could hear,
and therefore detect and orient towards, reefs from a greater
distance away), or altered settlement behaviour of juvenile fishes
in response to additional sounds (i.e. fishes were more likely to
settle onto the reef once they arrived at it), or a combination of
both mechanisms.
Discussion
Our results demonstrate that acoustic enrichment has the
potential to enhance community development of fishes on
degraded coral reef habitat. Playback of healthy reef sound: (a)
created temporally stable population increases in the most
abundant taxonomic group of reef fishes (Pomacentridae; Fig. 1);
(b) drove increases in fish recruitment across a broad range of
trophic guilds (Fig. 2); and (c) led to increased abundance, species
richness and diversity at the whole-community level (Fig. 3). The
near-ubiquitous qualitative equivalence of communities asso-
ciated with dummy-loudspeaker and no-loudspeaker control
treatments demonstrates that observed increases on acoustically
enriched reefs were due to the acoustic treatment, rather than the
additional visual cues or structural complexity associated with the
presence of loudspeakers. The current work did not attempt to
investigate which sounds are most effective at attracting
settlement-stage fishes. However, previous evidence from short-
term trials shows that healthy reef sound is more attractive than
either degraded reef sound or white noise to settlement-stage
fishes13,22, suggesting that the results of the current study are
likely influenced by more than indiscriminate phonotaxis.
Acoustic enrichment may have effects on community
dynamics at multiple spatial and temporal scales. First, many
fishes migrate away from their initial settlement site during
ontogeny23. As such, even though loudspeakers inevitably create
smaller acoustic halos than natural reefs, elevated settlement to
acoustically enriched nucleus sites may promote fish community
development at wider spatial scales. Additionally, initial increases
in settlement driven by acoustic enrichment may facilitate a
‘snowball effect’, whereby other fishes respond positively to
communities established earlier, causing further increases in
settlement24,25. Finally, this community development might also
cause natural soundscapes to increase in volume, because healthy
reef ecosystems are louder and more acoustically complex than
their degraded counterparts13. These mechanisms all raise the
possibility that the effects of acoustic enrichment could extend
beyond those observed in the immediate vicinity of loudspeakers
during their deployment, with benefits seen at larger spatial and
temporal scales (Fig. 4).
Acoustic enrichment shows potential as a sensory-based con-
servation tool for contributing to the restoration of coral reef
ecosystems. Trials of sound playback in terrestrial contexts have
previously revealed its potential to alter animal behaviour and
increase settlement rates of acoustically specialised taxa26–28. We
show that a similar technique exhibits promise as a novel con-
servation tool for the management of degraded coral reefs.
Existing management and restoration techniques can improve
habitat quality in previously degraded areas3,29,30; if combined
with such techniques, acoustic enrichment might accelerate fish
community development and enhance natural ecosystem recov-
ery processes. Further work is now needed to investigate the
translatability of this finding into different reef habitats and
geographical contexts; the impacts of acoustic enrichment on
adult fish behaviour; the long-term recovery of natural settlement
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Fig. 2 Effects of acoustic enrichment on different trophic groups. Mean ± SE
juvenile fish abundance in different trophic guilds on experimental patch
reefs. Y-axis labels give the proportion of all fishes and the frequency of
occurrence (number of populated reefs in each loudspeaker treatment)
represented by each trophic guild. Mixed-effects models revealed
significant effects of loudspeaker treatment in all five trophic guilds;
different letters associated with boxplots represent significant differences in
post-hoc Tukey’s HSD tests (Supplementary Table 1). Images of fish
are taken from the Lizard Island Field Guide (lifg.australianmuseum.net.au),
licensed under the Creative Commons Attribution 3.0 License
(creativecommons.org/licenses/by/3.0/).
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cues; and the spatial scale of effects on fish communities and
ecosystem processes. This will optimise acoustic enrichment as
one of a suite of active management tools for restoring degraded
coral reef ecosystems.
Methods
Study site. This study was carried out during October–December 2017 in the
lagoon to the south-west of Lizard Island Research Station (14°40.8′S, 145°26.4′E;
Fig. 5). Lizard Island is a continental mid-shelf island in the northern Great Barrier
Reef with an extensive surrounding fringing and lagoonal reef system. In the two
years preceding this study, severe mass bleaching events caused extensive coral
mortality in this area (over 60% of live coral bleached31), leading to widespread
ecosystem change32,33.
Experimental design. Prior to establishing experimental sites, the potential
detection distance of reef-sound playback by juvenile fishes was determined using
recordings at the study site. Recordings were taken from the deepest experimental
reef (4.5 m mid-tide depth), to provide a conservative estimate of acoustic isolation;
lower frequency (longer-wavelength) sounds attenuate relatively quickly in shallow
water34, so the potential detection distance of reef-sound playback is likely to have
been higher here than at all other sites. Full-night recordings of reef-sound play-
back were taken simultaneously in both the sound-pressure and particle-
acceleration domains, at 1, 50 and 100 m distance from a loudspeaker. Loudspeaker
playback was conducted using the same methods as in subsequent experimental
trials, as described below. Recordings were made in sea states between 0 and 2 on
the Beaufort scale, and never during rain. Recording equipment was suspended 1 m
above the seabed, hanging from a submerged stand to avoid unwanted noise from
waves slapping on the hull of a surface vessel. Sound pressure was recorded using
an omnidirectional hydrophone with inbuilt digital recorder (SoundTrap 300 STD;
Ocean Instruments NZ, Auckland, New Zealand), and particle-acceleration
recordings were taken using a triaxial accelerometer (M20–040; sensitivity fol-
lowing a curve over the frequency range 0–5 kHz; Geospectrum Technologies,
Dartmouth, Canada) connected to a digital 8-track recorder (F8 field recorder;
Zoom Corporation, Tokyo, Japan). Recordings were all taken at a sampling fre-
quency of 48 kHz, and analysed using the paPAM34 (particle acceleration) and
PAMGuide35 (sound pressure) packages on MATLAB, across a frequency range of
10–4000 Hz as the likely hearing range of many juvenile fishes36,37, with a Ham-
ming window, a 50% overlap and an FFT size of 2048.
Analysis of recordings of reef-sound playback could not distinguish a signal
against the background noise floor at a distance of 50 m. Each recording was
analysed both as a full-night track and as a series of 20 time-matched 2-min sub-
samples, evenly spaced throughout the night (Fig. 6). Recordings showed that
loudspeaker playback recorded at a distance of 1 m had significantly increased
received sound-pressure level (SPL) and particle-acceleration level (PAL) relative to
playback recorded from both 50 and 100 m, with visible differences in power
spectral density plots (Fig. 6). By contrast, recordings taken at 50 m from the
loudspeaker had power spectra and received SPLs and PALs that were equivalent to
those taken at 100 m (Fig. 6). Further, intermittent recordings taken at 50 m from a
loudspeaker showed no significant difference in received SPLs and PALs within the
hearing range of young fishes (10–4000 Hz) during 10-min periods of the night
when the loudspeaker was turned on compared to equivalent 10-min periods when
the loudspeaker was turned off (LMM, n= 20, SPL: χ2= 2.785, df= 1, p= 0.103;
PAL: χ2= 0.447, df= 1, p= 0.508). Thus, recordings of reef-sound playback taken
at a distance of 50 m were unable to distinguish the playback signal over the natural
ambient conditions at the study site. Based on this finding, all experimental patch
reefs were placed a minimum of 100 m from each other (Fig. 5), to achieve acoustic
isolation of experimental sounds between reefs.
Experimental coral-rubble patch reefs were used to assess the impact of acoustic
enrichment on fish community development. At the start of the fish recruitment
season, 33 patch reefs were built on open sand, placed at a fixed distance of 25 m
(as determined by GPS) from the nearest natural reef in 2–4.5 m water depth (mid-
tide depth; tidal range during experiment ± 1.3 m). There was no significant
difference in depth between the three treatment groups (linear model: χ2= 2.042,
df= 2, p= 0.15). Reefs consisted of 70 l of dead coral rubble, collected from a
single degraded reef near the study site (Fig. 5), arranged around a double
breeze block (40 × 40 × 20 cm) to create a structurally complex habitat patch of
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Fig. 3 Community-level effects of acoustic enrichment. a Total abundance, b species richness, and c effective Shannon diversity of juvenile fish
communities on experimental patch reefs. Boxplots represent medians (central lines), interquartile ranges (boxes) and 95% ranges (whiskers). Linear
mixed models revealed significant effects of loudspeaker treatment in all three cases; different letters above boxplots represent significant differences in
post-hoc Tukey’s HSD tests (Supplementary Table 1). Absolute values for species richness and Shannon diversity are likely to be underestimates, as fish
that were only identified to higher taxonomic levels (family or subfamily) may represent more than a single species.
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Fig. 4 Schematic illustrating the potential for acoustic enrichment to reverse harmful feedback loops on coral reefs. The left-hand cycle shows acoustically
mediated feedback associated with degradation13; the right-hand reverse cycle suggests how acoustic enrichment could facilitate ecosystem recovery
through increasing recruitment and enhancing communities of fishes. Pictures of fishes are adapted from ref. 12.
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2 × 2 × 0.5 m. Each reef was composed of an approximately even volume of
branching (60%), tabular (20%) and cuboidal/spherical (20%) rubble types. This
created standardised patches of marginal reef habitat, to which many coral reef fish
families have been seen to settle in earlier studies13.
Reefs were assigned to one of three experimental treatments. Each reef was
coupled with either no loudspeaker, a dummy loudspeaker system (to control for
additional visual cues and structural complexity provided by loudspeaker systems),
or a real loudspeaker system playing back healthy reef sound overnight (acoustic-
enrichment treatment). Loudspeaker treatment was allocated pseudorandomly to
reefs, avoiding allocation of the same treatment to reefs that were spatially adjacent.
Acoustically enriched reefs were fitted with an underwater loudspeaker (University
Sound UW-30; maximal output 156 dB and 1 μPa at 1 m, frequency response
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0.1–10 kHz; Lubell Labs, Columbus, OH, USA) powered by an amplifier (M033N;
18W, frequency response 0.04–20 kHz; Kemo Electronic GmbH, Germany) and a
12 V 12 Ah sealed lead-acid battery, connected to an MP3 player (Clip Jam;
SanDisk, Milpitas, CA, USA) that was powered by an external battery pack (MIX IT
RockStar, 10,000mAh; Belkin, Los Angeles, CA, USA). Loudspeakers were fixed to
the centre of reefs and oriented upwards, to ensure even distribution of sound in all
directions laterally. Amplification systems were housed in a barrel floating directly
above reefs, attached by a rope to a breeze block. Dummy-loudspeaker reefs
consisted of a concrete tile of the same size, shape and colour as the loudspeakers,
fixed to the reef in the same manner as the loudspeakers, attached by a rope to a
floating buoy of the same dimensions as the barrel used in loudspeaker systems.
The acoustic-enrichment treatment consisted of playback of recordings taken at
a healthy reef in the middle of the study site in November 2015; this was before the
study site experienced two severe mass bleaching events in 2016 and 2017 that
caused extensive coral mortality and widespread ecosystem change throughout the
region31–33. Five different recordings were used to reduce pseudoreplication, with
recordings being allocated to acoustically enriched reefs at random (each recording
was allocated to 2–3 reefs). Recordings used in playback were full-night recordings,
taken using an omnidirectional hydrophone (HiTech HTI-96-MIN with inbuilt
preamplifier, manufacturer-calibrated sensitivity −164.3 dB re 1 V μPa−1;
frequency range 0.002–30 kHz; calibrated by manufacturers; High Tech, Inc.)
connected to a digital recorder (PCM-M10, 48 kHz sampling rate; Sony
Corporation). The hydrophone was freely suspended 1 m above the seabed in water
depth of 3.5 m, from a rope-anchored barrel that contained the recorder.
Reef-sound playback was conducted overnight. Fish settlement is
predominantly a nocturnal behaviour38,39; playback therefore started 0.5–1.5 h
before sunset and stopped 2–5 h after sunrise the following morning. Playback was
also matched by time of night to within 45 min of the original recording, such that
playback tracks were playing approximately ‘real-time’ throughout the night. For
an illustrative waveform and spectrogram of the reef-sound playback, see
Supplementary Fig. 1. Equipment failure or rough weather conditions prevented
loudspeaker deployment on some nights, but all acoustically enriched reefs had
successful loudspeaker deployments on between 34 and 36 out of a total of 40
nights in the experiment.
Surveys of fish communities. The family Pomacentridae (damselfish) was sur-
veyed regularly throughout reef deployment. The high abundance of damselfishes
on coral reefs (up to 50% of reef fish communities18) facilitates adequate statistical
power to test for differences in community development, and their non-cryptic
nature allows accurate surveying with minimal disturbance. Visual surveys by a
SCUBA diver (T.A.C.G.) were used to monitor communities of juvenile damsel-
fishes (those that had settled on reefs following a pelagic larval phase in the current
season). The observer and dive buddy remained at least 1 m from the reef during
surveys, in order to minimise disturbance to the community. Each reef was sur-
veyed 10 times throughout a 40-day period that started immediately following
construction, with 3–9 days between consecutive surveys. The start of the survey
period on each reef was staggered across a total duration of 10 days (i.e. con-
struction and surveying of the final reef started 10 days after the first reef was built),
to allow a single observer (T.A.C.G.) to complete surveys at the same experimental
time point. Surveys took up to 1 h per reef; staggering was therefore necessary to
allow for surveying of 33 patch reefs at the same experimental time points.
Deployment order was counterbalanced such that the same number of reefs within
each treatment were constructed and surveyed on each day.
After 40 days, the whole fish community on each reef was surveyed by
dismantling the reef piece-by-piece. An observer using SCUBA (T.A.C.G.) checked
each piece of rubble thoroughly, using dilute clove oil and a hand net to capture all
juvenile fishes on the reef. The dive buddy kept a continuous watch for ‘stray’ fishes
that attempted to escape across the sand flat or burrow into the sand during the
survey process. All reefs were double-checked for missed fishes after surveys were
completed; to our knowledge, no fishes were missed from surveys. All fishes were
identified to species, except in cases where uncertainty meant that identification
was only possible to family or sub-family level. In these cases, fishes that looked
similar were assigned as the same species (e.g. ‘Unknown goby 1'); this was the case
for 4% of species, whose members together constituted 9% of the total abundance.
Adult fishes were excluded from analyses, as their larger home ranges mean that
they do not exhibit fixed associations with reef habitat to the same extent as
juveniles40. After the experiment, all fish were released alive onto
neighbouring reefs.
Statistical analyses. Visual surveys throughout the 40-day period were used to
create accumulation curves for juvenile damselfishes (family Pomacentridae). A
generalised additive mixed model (GAMM) with a negative binomial distribution
included time (days since patch reef creation) as a smooth term, loudspeaker
treatment (acoustic enrichment, dummy loudspeaker, no loudspeaker) and patch-
reef ID as parametric coefficients, and playback-track ID as a random term. A first-
order autoregressive structure was used to account for temporal autocorrelation,
and visual examination of diagnostic plots and comparison of model outputs to
raw data were used to confirm goodness-of-fit.
Comprehensive surveys at the end of the 40-day period were analysed using
LMMs and Poisson-distributed GLMMs. Separate models were run for abundance
of juvenile damselfishes (family Pomacentridae), herbivores, omnivores,
planktivores, invertivores and piscivores, as well as total community abundance,
species richness and effective Shannon diversity (calculated as the exponential of
the Shannon–Weiner index41). Trophic classification was based on published
literature33,42–45 and FishBase46; for full details, see Supplementary Table 2. For
fish that were only identified to family or sub-family, trophic guilds were assigned
to all species within the relevant taxonomic group that are known to occur in the
Lizard Island area (using lists compiled by the Lizard Island Field Guide [lifg.
australianmuseum.net.au]), and the most commonly occurring guild in the
taxonomic group was chosen as the trophic guild for that individual. Corallivores
made up <0.25% of all fish, and were found on only two of 33 reefs, so were
excluded from this analysis due to a lack of statistical power. All other trophic
guilds represented at least 4% of the total count and were found on at least 19 of 33
reefs. In each model, playback-track ID was included as a random term, and error
distributions (Gaussian LMM or Poisson-distributed GLMM) were chosen such
that there were no deviations from homoscedasticity or normality in visual
examinations of residual plots. The effect of loudspeaker treatment on the
dependent variable was tested through ANOVA comparisons with a null model
and post-hoc Tukey’s HSD testing following statistically significant initial results
(p ≤ 0.05).
All figure creation and statistical modelling was conducted in R v. 3.5.047.
Figures were prepared using the packages cowplot48, ggmap49, and ggplot250.
Statistical modelling was conducted using the packages lme451 and mgcv52.
Ethical approval. Permission and ethical approval for this work was granted by
Lizard Island Research Station, the Great Barrier Reef Marine Park Authority
(G13/35909.1), James Cook University (A2408, A2361), and the University of
Exeter (2013/247).
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
Data availability
Raw data are available from the University of Exeter’s institutional repository at https://
doi.org/10.24378/exe.1904.
Received: 17 January 2019; Accepted: 22 October 2019;
References
1. Hughes, T. P. et al. Spatial and temporal patterns of mass bleaching of corals
in the Anthropocene. Science 359, 80–83 (2018).
2. Harborne, A., Rogers, A., Bozec, Y.-M. & Mumby, P. J. Multiple stressors and
the functioning of coral reefs. Annu. Rev. Mar. Sci. 9, 445–468 (2017).
3. Graham, N. A. J. et al. Managing resilience to reverse phase shifts in coral
reefs. Front. Ecol. Environ. 11, 541–548 (2013).
4. Hughes, T. P. et al. Coral reefs in the Anthropocene. Nature 546, 82–90
(2017).
5. Anthony, K. et al. New interventions are needed to save coral reefs. Nat. Ecol.
Evol. 1, 1420–1422 (2017).
6. Mouillot, D., Villéger, S., Scherer-Lorenzen, M. & Mason, N. W. H. Functional
structure of biological communities predicts ecosystem multifunctionality.
PLoS ONE 6, e17476 (2011).
7. Hemingson, C. R. & Bellwood, D. R. Biogeographic patterns in major marine
realms: function not taxonomy unites fish assemblages in reef, seagrass and
mangrove systems. Ecography 41, 174–182 (2018).
8. Hughes, T. P., Graham, N. A. J., Jackson, J. B. C., Mumby, P. J. & Steneck, R. S.
Rising to the challenge of sustaining coral reef resilience. Trends Ecol. Evol. 25,
633–642 (2010).
9. Graham, N. A. J., Jennings, S., MacNeil, M. A., Mouillot, D. & Wilson, S. K.
Predicting climate-driven regime shifts versus rebound potential in coral reefs.
Nature 518, 94–97 (2015).
10. Leis, J. M., Siebeck, U. & Dixson, D. L. How nemo finds home: the
neuroecology of dispersal and of population connectivity in larvae of marine
fishes. Integr. Comp. Biol. 51, 826–843 (2011).
11. Doherty, P. & Fowler, T. An empirical test of recruitment limitation in a coral
reef fish. Science 263, 935–939 (1994).
12. Dixson, D. L., Abrego, D. & Hay, M. E. Chemically mediated behavior of
recruiting corals and fishes: a tipping point that may limit reef recovery.
Science 345, 892–897 (2014).
13. Gordon, T. A. C. et al. Habitat degradation negatively affects auditory
settlement behavior of coral reef fishes. Proc. Natl Acad. Sci. USA 115,
5193–5198 (2018).
14. Feary, D. A., Almany, G. R., McCormick, M. I. & Jones, G. P. Habitat choice,
recruitment and the response of coral reef fishes to coral degradation.
Oecologia 153, 727–737 (2007).
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13186-2
6 NATURE COMMUNICATIONS |         (2019) 10:5414 | https://doi.org/10.1038/s41467-019-13186-2 | www.nature.com/naturecommunications
15. Pratchett, M. S. et al. Effects of climate-induced coral bleaching on coral-reef
fishes—ecological and economic consequences. Oceanogr. Mar. Biol. Annu.
Rev. 46, 251–296 (2008).
16. Parmentier, E. et al. The influence of various reef sounds on coral-fish larvae
behaviour. J. Fish. Biol. 86, 1507–1518 (2015).
17. Simpson, S. D., Meekan, M. G., Montgomery, J., McCauley, R. D. & Jeffs, A.
Homeward sound. Science 308, 221 (2005).
18. Ackerman, J. & Bellwood, D. Reef fish assemblages: a re-evaluation using
enclosed rotenone stations. Mar. Ecol. Prog. Ser. 206, 227–237 (2000).
19. Goatley, C. H. R. & Bellwood, D. R. Body size and mortality rates in coral reef
fishes: a three-phase relationship. Proc. R. Soc. B 283, https://doi.org/10.1098/
rspb.2016.1858 (2016).
20. Doherty, P. J. et al. High mortality during settlement is a population
bottleneck for a tropical surgeonfish. Ecology 85, 2422–2428 (2004).
21. Bellwood, D. R., Hughes, T. P. & Hoey, A. S. Sleeping functional group drives
coral-reef recovery. Curr. Biol. 16, 2434–2439 (2006).
22. Holles, S. H., Simpson, S. D., Radford, A. N., Berten, L. & Lecchini, D. Boat
noise disrupts orientation behaviour in a coral reef fish. Mar. Ecol. Prog. Ser.
485, 295–300 (2013).
23. Nagelkerken, I., Dorenbosch, M., Verberk, W. C. E. P., Cocheret de la
Moriniere, E. & Van der Velde, G. Importance of shallow-water biotopes of a
Caribbean bay for juvenile coral reef fishes: patterns in biotope association,
community structure and spatial distribution. Mar. Ecol. Prog. Ser. 202,
175–192 (2000).
24. Jones, G. P. Some interactions between residents and recruits in two coral reef
fishes. J. Exp. Mar. Biol. Ecol. 114, 169–182 (1987).
25. Booth, D. J. Larval settlement patterns and preferences by domino damselfish
Dascyllus albisella Gill. J. Exp. Mar. Biol. Ecol. 155, 85–104 (1992).
26. Friesen, M. R., Beggs, J. R. & Gaskett, A. C. Sensory-based conservation of
seabirds: a review of management strategies and animal behaviours that
facilitate success. Biol. Rev. 92, 1769–1784 (2017).
27. Molles, L. E. et al. ‘Acoustic anchoring’ and the successful translocation of
North Island kokako (callaeas cinerea wilsoni) to a New Zealand mainland
management site within continuous forest. Notornis 55, 57–68 (2008).
28. Kiffner, C., Waltert, M., Meyer, B. & Muhlenberg, M. Response of lions
(Panthera leo LINNAEUS 1758) and spotted hyaenas (Crocuta crocuta
ERXLEBEN 1777) to sound playbacks. Afr. J. Ecol. 46, 223–226 (2007).
29. Ladd, M. C., Burkepile, D. E. & Shantz, A. A. Near-term impacts of coral
restoration on target species, coral reef community structure, and ecological
processes. Rest. Ecol. https://doi.org/10.1111/rec.12939 (2019).
30. Williams, S. L. et al. Large-scale coral reef rehabilitation after blast fishing in
Indonesia. Rest. Ecol. 27, 447–456 (2019).
31. Hughes, T. P. et al. Global warming and recurrent mass bleaching of corals.
Nature 543, 373–377 (2017).
32. Stuart-Smith, R. D., Brown, C. J., Ceccarelli, D. M. & Edgar, G. J. Ecosystem
restructuring along the Great Barrier Reef following mass coral bleaching.
Nature 560, 92–96 (2018).
33. Richardson, L. E., Graham, N. A. J., Pratchett, M. S., Eurich, J. G. & Hoey, A.
S. Mass coral bleaching causes biotic homogenization of reef fish assemblages.
Glob. Chang. Biol. 24, 3117–3129 (2018).
34. Nedelec, S. L. et al. Particle motion: the missing link in underwater acoustic
ecology. Methods Ecol. Evol. 7, 836–842 (2016).
35. Merchant, N. D. et al. Measuring acoustic habitats. Methods Ecol. Evol. 6,
257–265 (2015).
36. Wright, K. J., Higgs, D. M., Cato, D. H. & Leis, J. M. Auditory sensitivity in
settlement-stage larvae of coral reef fishes. Coral Reefs 29, 235–243 (2010).
37. Wright, K. J., Higgs, D. M. & Leis, J. M. Ontogenetic and interspecific
variation in hearing ability in marine fish larvae. Mar. Ecol. Prog. Ser. 424,
1–13 (2011).
38. Tolimieri, N., Haine, O., Jeffs, A., McCauley, R. & Montgomery, J. Directional
orientation of pomacentrid larvae to ambient reef sound. Coral Reefs 23,
184–191 (2004).
39. Dufour, V. & Galzin, R. Colonization patterns of reef fish larvae to the lagoon
at Moorea Island, French Polynesia. Mar. Ecol. Ser. 102, 143 (1993).
40. Welsh, J. Q., Goatley, C. H. R. & Bellwood, D. R. The ontogeny of home
ranges: Evidence from coral reef fishes. Proc. R. Soc. B 280, 1–7 (2013).
41. Jost, L. Entropy and diversity. Oikos 113, 363–375 (2006).
42. Richardson, L. E., Graham, N. A. J., Pratchett, M. S. & Hoey, A. S. Structural
complexity mediates functional structure of reef fish assemblages among coral
habitats. Environ. Biol. Fishes 100, 193–207 (2017).
43. Wilson, S. K. et al. Exploitation and habitat degradation as agents of change
within coral reef fish communities. Glob. Chang. Biol. 14, 2796–2809 (2008).
44. Pratchett, M. S., Hoey, A. S., Wilson, S. K., Messmer, V. & Graham, N. A. J.
Changes in biodiversity and functioning of reef fish assemblages following
coral bleaching and coral loss. Diversity 3, 424–452 (2011).
45. Green, A. L. & Bellwood, D. R. Monitoring functional groups of herbivorous
reef fishes as indicators of coral reef resilience—a practical guide for coral reef
managers in the Asia Pacific Region. In IUCN Working Group on Climate
Change and Coral Reefs (IUCN, Gland, Switzerland, 2009). https://cmsdata.
iucn.org/downloads/resilience_herbivorous_monitoring.pdf.
46. Froese, R. & Pauly, D. FishBase (2017) (accessed 1 August 2018); www.
fishbase.org.
47. R Core Team. R: A Language and Environment for Statistical Computing (R
Foundation for Statistical Computing, Vienna, Austria, 2018).
48. Wilke, C. O. Cowplot: streamlined plot theme and plot annotations for
‘ggplot2’. R package version 0.9.2 (2017).
49. Kahle, D. & Wickham, H. ggmap: spatial visualization with ggplot2. R. J. 5,
144–161 (2013).
50. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag,
New York, 2016).
51. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects
models using lme4. J. Stat. Softw. 67, 1–48 (2015).
52. Wood, S. Fast stable restricted maximum likelihood and marginal likelihood
estimation of semiparametric generalized linear models. J. R. Stat. Soc. 73,
3–36 (2011).
Acknowledgements
We thank the staff at Lizard Island Research Station for logistical support; Brendan
Nedelec and Maggie Travis for fieldwork assistance; Howard Choat, Kendall Clements
and William Robbins for assistance with fish identification; James Campbell for assis-
tance with acoustic analyses; Danielle Dixson for drawings of fishes used in Fig. 4; and
Patick Kennedy, Harry Harding and Katherine Maltby for statistical advice. This work
was supported by funding from a Natural Environment Research Council Research
Grant NE/P001572/1 (to S.D.S. and A.N.R.); a Natural Environment Research Council-
Australian Institute of Marine Science CASE GW4+ Studentship NE/L002434/1 (to
T.A.C.G.); an Australian Research Council Discovery Grant DP170103372 (to M.I.M.);
the Australian Institute of Marine Science (to M.G.M.); and the University of Exeter
(to S.D.S.).
Author contributions
T.A.C.G., A.N.R., S.L.N., M.G.M., M.I.M. and S.D.S. designed the research; T.A.C.G.,
I.K.D., K.B., K.M., S.L.N. and S.D.S. performed the fieldwork; T.A.C.G., A.N.R. and S.D.S.
analysed the data; T.A.C.G. wrote the initial manuscript and all authors contributed to its
final revision.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-13186-2.
Correspondence and requests for materials should be addressed to T.A.C.G.
Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13186-2 ARTICLE
NATURE COMMUNICATIONS |         (2019) 10:5414 | https://doi.org/10.1038/s41467-019-13186-2 | www.nature.com/naturecommunications 7
